Abstract: In this paper, the designing problem of two flexible AC transmission systems (FACTS)-based stabilizers are formulated for a cuckoo optimization algorithm (COA) with an objective function that includes the damping factor and the damping ratio of oscillations. This new optimization algorithm has a strong ability to find the most optimistic results for dynamic stability improvement. Also, its performance in 20 times run is the same as in 1 time run. Single machine infinite bus (SMIB) system has been considered to examine the operation of proposed COA based static synchronous series compensator (SSSC) and static synchronous compensator (STATCOM) controllers. Sudden change in the input power of generator is considered as a disturbance. The effectiveness of the proposed COA based SSSC and STATCOM controller for damping of low frequency oscillations is tested on a weakly connected power system with a disturbance and different loading conditions and their results are compared with each other. The eigenvalue analysis and time domain simulation results are presented to show the effectiveness of these FACTS-based stabilizers. The results obtained revealed the effectiveness of SSSC in comparison with STATCOM in damping power system oscillation and the results confirmed the effectiveness of the COA method for controller parameter optimization.
Introduction
As power systems became interconnected, areas of generation were found to be prone to electromechanical oscillations. These oscillations have been observed in many power systems worldwide [1] . Typical range of these oscillations is in the range of 0.2-3.0 Hz. If these low frequency oscillations are not well damped, these may keep growing in magnitude until loss of synchronism results [1] [2] [3] . Power system stabilizer (PSS) is possibly the first measure that has been used to improve damping of oscillations. PSSs have proven to be efficient in performing their assigned tasks, which operate on the excitation system of generators. However, PSSs may unfavorably have an effect on the voltage profile, may result in a leading power factor, and may be unable to control oscillations caused by large disturbances such as three phase faults which may occur at the generator terminals [2, 3] . Some of these were due to the limited capability of PSS, in damping only local and not inter-area modes of electro-mechanical oscillations [4] .
Recently, the fast progress in the field of power electronics has opened new opportunities for the application of the FACTS devices as one of the most useful ways to improve power system operation controllability and solving various power system steady state control problems, such as voltage regulation, transfer capability enhancement, power flow control and damping of power system oscillations [3, [5] [6] .
SSSC and STATCOM are two important members of FACTS family, which can be installed in series and parallel in the transmission lines. Although the main function of SSSC and STATCOM is to control the power flow but they can be used, as an impressive device, to control power system oscillations. Recently, optimization methods such as genetic algorithm (GA) and particle swarm optimization (PSO), are used for obtaining parameters of controlling techniques. The application of SSSC and STATCOM based controllers for power oscillations damping and dynamical stability improvement can be found in several references [7] [8] [9] [10] [11] [12] .
A proper controller is capable of better controlling nonlinear system with fast changing dynamics, like a power system, since the dynamics of a power system are successively identified by a model. The benefits of on-line adaptive controllers over conventional controllers are that they are able to adapt to changes in system operating conditions automatically, different from conventional controllers whose efficiency and productivity is degraded by such changes and need re-tuning in order to provide the desired efficiency [13] .
Some researchers used fuzzy logic based damping control strategy for TCSC, UPFC and SVC in a multi-machine power system [14] and [15] . Besides, the initial parameters adjustment of this type of controller requires some trial and error. Khon and Lo [16] used a fuzzy damping controller designed by micro Genetic Algorithm (GA) for TCSC and UPFC to increase power system dynamical stability. Abido has used the PSO technique to design a controller and this approach not only is an off-line procedure, but also relies greatly on the selection of the primary situations of control systems [17] .
The COA algorithm is a new and very strong method for optimization and has emerged as a useful tool for engineering optimization. So it is used in multiple applications, such as PID controller designing [18] or optimal placement and sizing of distributed generations (DG) [19] .
This paper presents use of COA for controller parameter designing of two FACTS-based devices as well as a comparative study on the effects of COA based SSSC and STATCOM controllers on power system electromechanical oscillations damping. The optimal selection of the output feedback parameters for both SSSC and STATCOM controllers is converted to an optimization problem, which is solved by recently developed COA method. In this study, a single machine infinite bus (SMIB) system integrated with both STATCOM and SSSC controllers is used. The effectiveness and robustness of the proposed COA based SSSC and STATCOM controllers, are demonstrated through time-domain simulation and some performance indices are used to study the damping of low frequency oscillations under various loading conditions and a large disturbance.
Proposed COA method
The COA is a new heuristic algorithm for global optimization searches. This optimization algorithm is inspired by the life of a bird family, called Cuckoo. Particular lifestyle of these birds and their specifications in egg laying and breeding has been the basic motivation for expansion of this new evolutionary optimization algorithm. COA similar to other heuristic algorithms such as PSO, GA, imperialist competitive algorithm (ICA), etc, starts with an initial population. The cuckoo population, in different societies, is divided into two types, mature cuckoos and eggs. These initial cuckoos grow and they have some eggs to lay in some host birds' nests. Among them, each cuckoo starts laying eggs randomly in some other host birds' nests within her egg laying radius (ELR) [18] . Some of these eggs, which are more like to the host bird's eggs have the opportunity to grow up and become a mature cuckoo. Other eggs are detected by host birds and are destroyed. The grown eggs disclose the suitability of the nests in that area. The more eggs survive in an area, the more benefit is gained in that area. So the location in which more eggs survive will be the term that COA is going to optimize. Then they immigrate into this best habitat. Each cuckoo only flies λ% of all distance toward final destination (goal habitat) and also has a deviation of ϕ radians. The parameters of λ and ϕ help cuckoos to search much more positions in the environment. For each cuckoo, λ and ϕ are defined as follows:
where λ~U(0, 1) means that λ is a random number that is uniformly distributed between 0 and 1. ω is a parameter that determines the maximum deviation from the goal habitat. When all cuckoos immigrated toward final destination and new habitats were specified, each mature cuckoo is given some eggs. Then considering the number of eggs allocated to each bird, an ELR is calculated for each cuckoo. Then new egg laying process restarts [18] .
Power system model
A. Power system model with the SSSC Figure 1 shows a SMIB power system equipped with a SSSC. The SSSC consists of a boosting transformer with a leakage reactance X SCT , a gate turn off-based voltage source converter (V INV ), and a DC capacitor (C DC ). The two input control signals to the SSSC are m and Ψ. Signal m is the amplitude modulation ratio of the pulse width modulation (PWM) based VSC. Also, signal Ψ is the phase of the injected voltage and is kept in quadrature with the line current (inverter losses are ignored). The test system data is given in the appendix.
The dynamic model of the SSSC can be modeled as [8] :
where, k is the ratio between AC and DC voltages and is dependent on the inverter structure. The non-linear dynamic model of the power system in Figure 1 is [8] :
where,
A linear dynamic model is obtained by linearizing the nonlinear model round an operating condition. By linearization using Eq. (2)-(9), the linearized model of power system can be found as follows [8] :
where, 9 , K΄ pu , K΄ qu and K΄ vu are linearization constants and are dependent on system parameters and the operating condition. The state space model of power system is given by:
where the state vector x, control vector u, A and B are: Figure 2 shows the block diagram of the linearized dynamic model of the test system with SSSC.
Modified Phillips-Heffron model of a SMIB system with SSSC.
B. Power system model with the STATCOM
A SMIB power system installed with a STATCOM shown in Figure 3 is widely used for studies of power system oscillations. It is adopted in this paper to demonstrate the proposed method. The system consists of a step down transformer with a leakage reactance X SDT , a gate turn off-based voltage source converter, and a DC capacitor [11] .
The STATCOM has two input control signals, modulation index m and phase Ψ. In order to investigate the effects of the STATCOM on increasing the damping of power system low frequency oscillations, its dynamic model is required. Park's transformation is applied and the resistance and transients of the transformer are neglected, and so, the dynamic relation between the capacitor voltage and current in the STATCOM circuit are expressed as [11] : In the above equations, k is the voltage ratio between the AC and DC sides and is dependent on the inverter structure. The nonlinear dynamic model of the presented power system with STATCOM in Figure 3 is [11] :
A linear dynamic model is obtained by linearizing the nonlinear model round an operating condition. By linearization using Eq. (16)-(23), the linearized model of power system is given as follows [11] : 
COA based SSSC and STATCOM damping controllers designing

A. SSSC and STATCOM based proposed controllers structure
The SSSC and STATCOM damping controllers' structure is shown in Figure 5 , where u can be m or Ψ. It comprises gain block, signal-washout block and lead-lag compensators [5] . Based on singular value decomposition (SVD) analysis in [20, 21] modulating has an excellent capability in damping low frequency oscillations in comparison to other inputs of SSSC and STATCOM, thus in this paper, is modulated in order to damping controller design.
B. Objective function
In the proposed COA method, parameters of the the SSSC and STATCOM controllers must be tuned optimally to improve overall system dynamic stability in a robust way under different operating conditions. For this reason, an eigenvalue based multi-objective function reflecting the combination of damping factor and damping ratio is considered as follows:
( 30) where and are the real part and the damping ratio of the ith eigenvalue, respectively. The value of 0 determines the relative stability in terms of damping factor margin provided for constraining the placement of eigenvalues during the process of optimization and 0 is the desired minimum damping ratio, which is to be achieved. The closed loop eigenvalues are placed in the region to the left of dashed line as shown in Figure 6 . 
C. Optimization problem
In this study, it is aimed to minimize the proposed objective function J. The constraints are the stabilizer's parameter bounds. Therefore, the design problem can be formulated as the following optimization problem.
Minimize J For the lead-lag controller subject to 
Simulation result A. Application of COA method to the design process
Figure7 shows the flowchart of the proposed COA method. Based on the linearized power system models with SSSC and STATCOM, the suggested approach employs COA algorithm to solve optimization problem and search for an optimal or near optimal set of controller parameters. The optimization of SSSC and STATCOM controller parameters is carried out by evaluating the multi-objective cost function as given in Eq. (30), for the lead-lag controller.
Kill cuckoos in worst area
Lay eggs in different nests In this paper, the values of σ 0 , 0 and are taken as -2, 0.5 and 10, respectively. In order to acquire better performance of COA, proper parameters are given in Table 1 . Notice that the optimization process for the proposed controllers has been carried out with the system operating at nominal loading conditions given in Table 2 . COA is run one and 20 times and the best solution based on the minimum cost function is selected. Table 3 shows the optimal controller parameters with one and average of 10 runs. It can be seen that COA performance in 20 times run is the same as in one time run. Figure 8 shows the cost of COA controller for the SSSC and STATCOM with the same objective function when the program is run once and 20 times. As it can be seen from this figure, for the same objective function, the cost value of COA based SSSC controller is less than STATCOM.
Eigenvalues and damping ratios of the electromechanical modes with COA method at 3 different loading conditions are given in Table 4 . The results show that the COA-based SSSC controller acts better than the STATCOM controller and greatly improves the dynamic stability of the power system. 
B. Time domain simulation
The performance of the suggested COA method for the SSSC and STATCOM during transient conditions is verified by applying 10% increase in mechanical power input at t=1s. The system responses with SSSC and STATCOM controllers to this disturbance under 3 different loading conditions for speed deviation, rotor angle deviation and power deviation with based controller are shown in Figs. 9-11. Simulation results clearly illustrate abilities of the SSSC and the STATCOM in low-frequency oscillation damping, while showing that the SSSC has better performance in damping low-frequency oscillations and stabilizes the system quickly in comparison to the STATCOM. The results obtained, confirms the result of the reference [22] .
Conclusion
This paper presented a COA-based power oscillation damping controller in which the controller was installed on a SSSC or a STATCOM. The stabilizer design problem was formulated as an optimization problem, which was solved by COA as a new and strong optimization method. The proposed stabilizers were applied and tested on power system under major disturbance and different loading conditions. It is clear from the simulation results that both FACTS devices improve the system stability. Furthermore, the SSSC-based stabilizer is more effective than STATCOM-based stabilizer in damping of power system oscillations. The results obtained confirmed the effectiveness of the COA method for controller parameter optimization.
Appendix
The nominal parameters and operating condition of the case study system are listed in Table 5 . 
